The era of intensive insulin therapy may be said to have been ushered in with the advent of continuous subcutaneous insulin therapy in the late 1970 s [1, 2] , although there are anecdotal reports of individuals, particularly physicians, applying the principles of tight blood glucose control to their own diabetes from the 1920 s onwards. Indeed the strict diet and multiple injection therapy of the pre-protamine insulin era (before 1940) is known to have been associated with a low incidence of later microvascular complications [3] . The lamentable state of insulin therapy in later decades in many places was illustrated by the regimens already used in some of the patients selected for transfer to insulin infusion pumps, once daily insulin delivery of a variety of formulations being common [2] . Nevertheless it will be part of the thesis of this paper that insulin regimens themselves are, up to a point, not a major component of the success of intensive insulin therapy. It is worth noting that the late 1970 s also saw the introduction of blood glucose self monitoring, and glycated haemoglobin estimation, as well as the more general adoption of patient education programmes [4] [5] [6] [7] . These tools, and the change in attitude of the professionals who adopted them, were perhaps more important than choice of insulin regimen in achieving improved blood glucose control.
In 1979, Turner and colleagues [8] challenged the assumption that insulin pump therapy was necessary for the attainment of 'near-normoglycaemia'. As a result a series of studies addressed the question of whether multiple injection therapy had the same potential as continuous subcutaneous insulin infusion for improving blood glucose control [9] [10] [11] . In designing these studies the authors adopted to a greater or lesser degree some of the principles that have since become enshrined as components of intensive therapy, in particular as applied to the various studies of the effect of tight control on the evolution of microvascular complications. Some of these components of intensive therapy, and in particular blood glucose selfmonitoring, were subjected to clinical trial at around Summary Achieving optimal blood glucose control, without an unacceptable rate of hypoglycaemia or unacceptable restrictions on lifestyle, is not simple with presently available insulin preparations and monitoring tools. There is considerable evidence that achieved control is relatively independent of the means or frequency of insulin delivery provided at least two injections per day are used, probably due to a combination of the unphysiological nature of insulin absorption profiles, the poor reproducibility of insulin absorption in any individual, and the erratic nature of normal human behaviour. Accordingly the appropriate use of insulin to obtain good metabolic control requires the continued and informed expertise of both patient and advising professional, but also attention from both to self-motivation in order to make the desired lifestyle changes possible. Newer approaches to insulin delivery will continue to demand a high level of understanding and expertise to make them effective, until such time as automatic minute-to-minute control of insulin delivery can be restored. [Diabetologia (1997) 40: S 83-S 87]
Keywords Diabetes mellitus, insulin therapy. the same time [12] . However, many aspects of intensive therapy remain untested, or rather the extent to which they need to be applied to achieve a useful clinical outcome remains untested.
The confirmation by the Diabetes Control and Complications Trial (DCCT) [13] of the results of earlier studies of the effects of intensive therapy on microvascular complications has reawakened interest in how, and to what extent, intensive insulin therapy can be made available to the majority of people with insulin-dependent diabetes [13, 15] 
Components of intensive insulin therapy
In the Miami study published in 1982 [9] , a small group (n = 10) of people with insulin-dependent diabetes was managed by two doctors (research fellows) working most of their time on the study. Prior to randomization (to pump or multiple injection therapy) the patients had the benefit of a course of re-education about diabetes, dietary principles, and self-monitoring and its aims, and were taught to adjust insulin doses individually on the basis of self-test results. This required frequent self-monitoring to make it effective, as a rule 4-7 times a day, and was supported by telephone advice from the study team. Indeed the patients were telephoned frequently by the doctors, and in addition attended the diabetes clinic at 1-2 week intervals (Table 1). Interestingly, the main gain to improvement of blood glucose control occurred before randomization of the patients to multiple injection therapy or continuous subcutaneous insulin infusion, that is before any change was made in insulin regimen.
That intensity of management has not been achieved or attempted in any subsequent study, although a similar programme was an aim of the intensive arm of the DCCT [13, 16] . It should be remembered that the aim of this latter study was to establish the benefit of good blood glucose control, and not whether such benefit could be obtained in regular clinical practice. Nevertheless, the results of the study relate, in a strict scientific sense, to the effects of intensive versus less intensive diabetes management and not to better blood glucose control itself. As a result it does not follow that the application of the principles espoused by the DCCT represents the most appropriate or cost-effective practice to be used in routine clinical care. Indeed, given the excess costs of intensive therapy in the DCCT, it is almost certainly clinically inappropriate to apply all its techniques at the same intensity in normal health care. Additionally the incentive of being a member of such a study will be missing in normal life with diabetes.
Insulin regimens and intensive therapy
The very term 'intensive insulin therapy' carries with it the subconscious message that it is the insulin regimen that is intensive rather than the management of the diabetes. Even when it is recognised that this is not the case (as discussed above), it is legitimate to ask what contribution is made by any particular regimen of insulin delivery to optimal blood glucose control within the context of intensive therapy.
As noted above, once daily insulin injection regimens were in general associated with very poor blood glucose control [2] , but this was associated with a low level of intervention in nearly every other aspect. Accordingly, and in the absence of any satisfactory comparative trials of once daily compared to multiple injection therapy, it is not strictly possible to make any comment as to the level of control attainable with once daily regimens. Nevertheless, on basic pharmacokinetic principles, and in particular with modern porcine and human insulin preparations, it is unrealistic to expect that satisfactory blood glucose control can be achieved with such regimens [17] , however intensive the other aspects of management.
Under very intensive conditions, no differences can be found in achieved control (including experience of hypoglycaemia) between subcutaneous infusion regimens and multiple injection therapy [9] . Some studies did find a difference, but in this case the particular choice of basal insulin preparation (bovine ultralente) almost certainly contributed to the poorer control found on the multiple injection regimen [10, 18] . Attempts to ask whether continuous subcutaneous insulin-infusion might perform better in the context of more realistic (less intensive) diabetes management failed to find any differences in overall blood glucose control, as measured by glycated haemoglobin concentration [19] .
Around that time a series of studies were performed in Newcastle upon Tyne using different insu-
Re-education course Self-monitoring of blood glucose (4-7 times daily) Adjustment of insulin doses to meet targets Supplemental insulin injections Telephone contact (1-7 times a week) Group hospitalization and out-patient visits Family counselling Clinic visits every 1-2 weeks lin regimens (intensive, pump, pen-injector, different extended-acting insulin preparations), many of them using the same patients or pool of patients [20, 21] . The blood glucose control achieved in those studies was measured by glycated haemoglobin concentration as HbA 1 , and when normalized to the DCCT HbA 1 c assay the average results translate as 7.4 % Hb, just a little higher than the 7.1 % Hb achieved in that more intensive study. Remarkably however, the results achieved in Newcastle were nearly independent of the insulin regimen or method of insulin administration studied ( Table 2 ), suggesting that insulin regimen (within the limits of those studied) was not a major factor in the blood glucose control achieved by intensive therapy.
Similar results have been reported from elsewhere, notably in regard to the control achieved by Danish children on multiple injection regimens [22] . This was a population, not a randomized, study, but one might have expected a bias in favour of more enthusiastic units both utilizing multiple injection therapy and having the knowledge and energy to achieve better blood glucose control.
Some caution is however required here; nearly all these studies used glycated haemoglobin as a measure of blood glucose control, and this is an averaging function not only over many days, but also between different times of day. This was most notable in the study of Marshall and colleagues [19] , in which glycated haemoglobin concentration between injection therapy and pump therapy was not different, as discussed above. However, fasting blood glucose concentrations were lower on pump therapy, suggesting that glucose levels must have been higher at some other time of the day or night. A clue to this was the strong negative correlation between fasting blood glucose levels and glycated haemoglobin concentration in the patients on injection therapy, perhaps implying that hyperinsulinaemia in the early part of the night caused hypoglycaemia for an extended period, before insulin delivery waned and resulted in prebreakfast hyperglycaemia [23] .
More recently short-acting insulin analogues have been tested in people with diabetes. Pre-clinical studies have quite clearly demonstrated the difference in pharmacokinetics between these analogues and native human insulin [24] , and given the inappropriate profile of absorption of the latter [25] , most authorities expected that clinical benefit would be relatively easy to demonstrate. In practice this has not proved to be the case, and, in the earlier blinded studies, insulin profiles have shown the expected advantage towards more physiological delivery, but blood glucose profiles have not been significantly improved [26] . Only with more rigorous control of insulin dose adjustment according to pre-determined algorithms has the benefit of short-acting analogues been recently demonstrable [27] .
For the time being then, it must be concluded that insulin regimen (2-4 injections per day, or pumps), or insulin preparation (choice of extended-acting formulation, insulin species, or analogue), are not major components per se in the implementation of intensive insulin therapy.
Insulin absorption or patient behaviour?
The lack of feedback control of insulin delivery according to blood glucose levels (and other aspects of intermediary metabolism) is generally understood to be an important factor in the inability of (prospective) injections of insulin to achieve optimal blood glucose control [28] . However, for this to be a real problem it also has to be the case that serum insulin profiles after injection are unphysiological to an extent that human behaviour cannot adapt in order to match feeding patterns and physical exercise to the insulin delivery experienced. While the measured insulin profiles are indeed unphysiological [26, 29] , the glucose profiles experienced by many people with diabetes are extraordinarily erratic, it not being at all unusual for the 95 % range at any one time of day over the course of a month to be in the order of 2.5 to 14.0 mmol l -1 . Such discrepancies are not easily explainable on the basis of median insulin profiles alone, and lead to the conclusion that either insulin absorption is very erratic, or that patient behaviour (feeding pattern, physical activity, or insulin injection) is very erratic, or both.
Insulin absorption has been known to be highly irreproducible since the time that insulin disappearance from subcutaneous tissue became measurable [30] , and direct measurement of insulin profiles in both diabetic and non-diabetic humans confirms an effect both within a single profile, and between profiles [31, 32] . That erratic insulin absorption is a major contributor to the difficulty in achieving satisfactory P.D. Home: Intensive insulin therapy S 85 Data are mean ± SEM a Soluble, regular blood glucose control is suggested, at least for the extended-acting insulin preparations, by the observation that the coefficient of variation of pre-breakfast blood glucose levels within individuals is similar to that at other times of day (when patient behaviour would be expected to have a much greater effect) [33] . This hypothesis has the interesting corollary that multiple, overlapping injections of insulin (say eight per day of unmodified insulin or four per day of extended-acting insulin) would smooth the unpredictable effect of erratic absorption from a single site, and thus improve blood glucose control. This has yet to be satisfactorily tested. However, there can also be little doubt that the unpredictable nature of human behaviour also contributes to erratic blood glucose levels, through a failure of matching of insulin need to current insulin absorption. Aside from the anecdotal reports of people with diabetes, who are often able to explain large excursions in their measured blood glucose levels, it has been reported that certain groups of people have unfortunately used multiple injection regimens to free themselves from some of their previous restrictions on eating patterns, with resulting weight gain and worsening of blood glucose control [34] .
Lessons for implementation of the intensive use of insulin therapy
The results and observations discussed above suggest a number of practical lessons for the achievement of optimal blood glucose control in regular clinical practice:
1. Levels of blood glucose control comparable with those reported in the DCCT will not be achievable for any population-based cohort of people with insulin-dependent diabetes in the long-term, unless other means of motivation or self-discipline are found. Nevertheless less intense studies achieve mean glycated haemoglobin levels of around 7.4 %Hb (HbA 1 c , DCCT standardized) [20, 21] , while the normal clinic median in our own service is around 7.9-8.0 %Hb, varying slightly year by year.
2. The chosen insulin regimen (number of injections per day) is of less importance than the skills of the patient and professional in adapting that regimen to personal circumstances. This is not to undervalue the importance to some people of multiple injection regimens in improving quality of life through the increase in flexibility that can be obtained.
3. Education of people with diabetes in regard to insulin therapy must seek to deliver not only the appropriate skills necessary for the optimal use of insulin therapy (such as self-monitoring and insulin dose adjustment), but also the ability to help such people attain their chosen blood control targets. This implies professional skills in personal motivation, still not adequately taught during post-graduate medical training. It seems unlikely that personal motivation will be enhanced by formal education programmes, but it is possible that the peer example effects of group discussions might be valuable. 4 . In terms of blood glucose control (rather than immediate quality of life) the use of tools such as blood glucose rather than urine glucose monitoring is of less importance than making consistent use of the information through the setting of targets, and the repeated use of both patient and professional skills with the aim of moving ever closer to those targets without causing problems through hypoglycaemia. Unfortunately the optimum interval for obtaining professional advice remains untested. Self-monitored results and targets need to be audited against glycated haemoglobin levels, given the problems of accuracy and selection that the former can suffer [35, 36] .
5. Hypoglycaemia will remain a problem for the majority of people with insulin-dependent diabetes where optimal blood glucose control is attempted. The acceptable frequency and extent of hypoglycaemia is a matter of personal informed choice, made in the knowledge of the risk and dangers of a severe event, and the balance of longer-term problems if blood glucose control is less good. Assisting patients with problematic hypoglycaemia requires a detailed understanding of insulin absorption profiles, as well as an ability to understand the influence of lifestyle.
The future
Given that human behaviour seems unlikely to change significantly, the effectiveness of insulin therapy is most likely to be enhanced by improvements in insulin delivery, and in particular an improvement in the reproducibility of insulin absorption from dayto-day. The problems in achieving this are underlined, as noted above, by the difficulty in demonstrating the advantage of the newer 'more physiological' insulin analogues [26] . Unfortunately it does appear that poorer bioavailability of injected insulin (a property associated with erratic absorption), correlates with time of residence in subcutaneous tissue, thus accounting for the poor performance of bovine ultralente and the failure of newer longer-acting insulin preparations [18, 37] . Caution is therefore advised in this respect with regard to slowly absorbed insulin analogues, or the newer fatty acid-linked albuminbinding preparations [38, 39] .
Ultimately it is only the restoration of minute-tominute insulin delivery that can solve this problem.
